Abstract Fabry disease is an X-linked α-galactosidase A deficiency, resulting in accumulation of glycosphingolipids, especially globotriaosylceramide, in cells in different organs in the body. Renal failure is a serious complication of this disease. Fabry nephropathy lesions are present and progress in childhood while the disease commonly remains silent by routine clinical measures. Early and timely diagnosis of Fabry nephropathy is crucial since late initiation of enzyme replacement therapy may not halt progressive renal dysfunction. This may be challenging due to difficulties in diagnosis of Fabry disease in children and absence of a sensitive noninvasive biomarker of early Fabry nephropathy. Accurate measurement of glomerular filtration rate and regular assessment for proteinuria and microalbuminuria are useful, though not sensitive enough to detect early lesions in the kidney. Recent studies support the value of renal biopsy in providing histological information relevant to kidney function and prognosis, and renal biopsy could potentially be used to guide treatment decisions in young Fabry patients. This review aims to provide an update of the current understanding, challenges, and needs to better approach renal complications of Fabry disease in children.
Introduction
Fabry disease, first described by Johannes Fabry and William Anderson in 1898, is an X-linked α-galactosidase A deficiency which results in the failure to breakdown glycosphingolipids, particularly globotriaosylceramide (abbreviated either as GL3 or Gb3). The build up of GL3 in the lysosomes and other cell compartments starts in fetal life [1] , and leads to abnormal cellular function, which in turn causes the symptoms of the disease. Since the disease is X-linked, and hence more severe in males, much of the research on Fabry disease has focused on adult males. However, more recent research has clearly demonstrated that Fabry disease symptoms often start in childhood and are seen in both males and females [2] . Among the complications of Fabry disease, renal failure causes significant morbidity and mortality. While in most patients Fabry renal involvement is clinically silent in childhood, once becoming evident as overt proteinuria, Fabry nephropathy leads progressively to renal failure. Patients may not fully benefit from enzyme replacement therapy (ERT) if started when proteinuria is clinically manifest or glomerular filtration rate has already declined. Thus, early diagnosis and treatment of Fabry nephropathy in children may be critical to preserve renal function. This review provides a general perspective about diagnosis of Fabry disease in children, available methods to evaluate renal function in Fabry patients and their challenges especially in young patients, the emerging role of kidney biopsy in assessment of Fabry nephropathy and what is known about the effects of ERT on renal lesions in Fabry disease.
Diagnosis and treatment of Fabry disease in children
Early diagnosis of Fabry disease is necessary for considering intervention to optimally prevent or ameliorate complications of the disease. Newborn screening of lysosomal storage diseases, including Fabry disease, is becoming more widespread and will help to identify patients early in life [2] . Currently however, due to the nonspecific nature of the initial symptoms, most children are diagnosed because of family history [2] . Nevertheless, there are also a few more specific features that can lead to diagnosis of Fabry disease, such as the swirling pattern of the cornea seen with slit-lamp examination, which is present early in life in most but not all patients. Angiokeratomas, purple vascular lesions that may occur anywhere on the body, also highly suggestive of Fabry disease, may not occur until adolescence in males and may not be seen in some females. Neuropathic pain, primarily in hands and feet, is often the first symptom of Fabry disease, and may start as early as 2 years of age with a median age of 6 years for boys and 9 years for girls [2] . Other early symptoms include gastrointestinal distress, hypohydrosis, exercise intolerance and increased heat sensitivity. Patients with non-classical symptoms or late-onset Fabry disease are more difficult to identify. Newborn screening will be especially helpful for early diagnosis of such patients [3] .
Organ dysfunction develops later, and includes increased risk for stroke, hypertrophic cardiomyopathy, arrhythmias and progressive renal disease. Renal disease is the most prominent organ dysfunction, and without ERT most male patients and a substantial fraction of female patients will eventually develop nephropathy [4] . Microalbuminuria is an indicator of renal dysfunction in Fabry patients but its prognostic value is, as yet, unclear [5] . Overt proteinuria may start as early as 10 years of age [6] . Although typically occurring by the third to fifth decade of life in men with Fabry disease [7] , end stage renal disease (ESRD) can occur as early as 16 years of age [6] . Patients with kidney failure appear to have concurrent involvement of other major organs [8] . While major organ dysfunction in children is rare, it does occur. Strokes have been noted as early as age 9 years (RJH, personal observation), and cardiac arrhythmias and valve dysfunction are sometimes seen in adolescence [2] . While increased left ventricular mass was found to be common in children with Fabry disease [2] , established hypertrophic cardiomyopathy is uncommon in pediatric patients [9] .
The diagnosis of Fabry disease is confirmed either by measurement of α-galactosidase A activity in leukocytes or by molecular studies for mutations in the gene. For females the diagnosis cannot be reliably made or ruled out without molecular studies, as even symptomatic patients often have normal serum α-galactosidase A levels [10] . Less frequently, the diagnosis has been confirmed by renal biopsy findings [11] .
Late initiation of ERT may not provide optimal benefit [12] . Treatment at earlier stages of the disease has been hypothesized to improve prognosis. Early diagnosis is therefore important to ensure both clinical monitoring and early access to treatment. Unfortunately, there are no studies that have defined criteria for initiation of treatment in children. Until recently the monitoring of pediatric patients consisted primarily of following the same renal functional parameters commonly followed in adults with Fabry disease. These did not adequately assess the pain, hypohydrosis or gastrointestinal symptoms that are the major complaints of pediatric patients. In addition, the monitoring for kidney and cardiac progression was not sensitive enough to be helpful in young patients. A recommended protocol for monitoring pediatric patients with Fabry disease has now been developed, but has not yet been clinically validated [13] . This includes measures of quality of life, pain and other non-specific symptoms, as well as formal measures of GFR, proteinuria and cardiac function.
ERT aims to provide enough α-galactosidase A to decrease the symptoms and to delay or prevent major organ dysfunction. This is likely to require initiation of treatment before onset of potentially serious manifestations, such as renal insufficiency or proteinuria. Agalsidase alfa (Replagal®, Shire Human Genetic Therapies, Inc., Cambridge, MA) and agalsidase beta (Fabrazyme®, Genzyme Corporation, a Sanofi company, Cambridge, MA) are two different forms of ERT currently available, both of which have been shown to be safe and well tolerated in Fabry children [14, 15] . Intravenous ERT infusions are given every 2 weeks at 1.0 mg/kg for agalsidase beta and 0.2 mg/kg for agalsidase alfa. While complete clearance of plasma and endothelial cells of the skin or kidney has been demonstrated using 1.0 mg/kg agalsidase beta, 0.2 mg/kg of agalsidase alfa generally achieves partial GL3 clearance. Nevertheless, ERT studies in children have been too small, the outcome measures perhaps not sensitive enough and the follow-up time too short to clearly demonstrate improvement of symptoms or long-term prognosis [14] [15] [16] .
Assessment of renal function in children with Fabry disease
Generally, proteinuria, hypertension, increased serum creatinine and reduced glomerular filtration rate (GFR) are hallmarks of progressive kidney disease, and measurements of proteinuria and serum creatinine are the cornerstones in the assessment and monitoring of kidney function. However, these tests have low sensitivity in detecting early kidney damage and abnormal values are often late signs of kidney disease, already in the setting of at least partially irreversible structural damage. It is well known that renal morphologic damage is present in renal biopsies of Fabry patients many years and usually decades before manifest proteinuria and/or elevated serum creatinine is found [17, 18] .
The lack of sensitive and non-invasive diagnostic and prognostic biomarkers of early kidney disease is a general challenge and focus of much research in nephrology, and this issue is especially relevant where therapeutic options like ERT are available and where the goal is to institute adequate intervention before irreversible structural damage prevails. None of the potential non-invasive biomarkers currently used in research programs, such as plasma or urine GL3 [19] , lyso-Gb3 (AKA lyso-GL3) [20] and the circulating vascular proliferation factor sphingosine-1-phosphate [21] are of established diagnostic or prognostic value [22] .
A major challenge in the surveillance of the kidney function in Fabry patients is the correct and timely diagnosis of early decline in GFR, especially since the progression of kidney disease carries a more serious prognosis when ERT is initiated at a later stage; i.e., GFR < 60 ml/min and/or proteinuria > 1 g/ day [23] . Serum creatinine is dependent on muscle mass. It is well known that both serum creatinine and creatinine-based estimated GFR (eGFR) are inaccurate filtration markers, especially in the "creatinine-blind" window corresponding to GFR 60-90 ml/min/1.73 m 2 or above, i.e., in the earlier phases of decreasing renal function which may represent the "window of opportunity" in terms of stabilizing or potentially reversing the renal functional loss by adequate ERT. Moreover, it has been demonstrated that the median height and weight percentiles were below the US 50th percentile among male patients in the Fabry registry study by Hopkin et al. [2] . As a consequence, creatinine-based kidney function measurements are subject to serious bias, and indeed eGFR has been shown to overestimate true GFR by a mean of 24 ml/min/1.73 m 2 in a study of eight young male adults, while no such overestimation was seen in the female patients [24] . Similar overestimation of GFR by about 50 ml/min/1.73 m 2 was reported in Fabry children using the "old" Schwartz formula. However, the mean GFR overestimation was reduced to 5.3 ml/min/1.73 m 2 when the "new abbreviated" Schwartz formula was tested, similar to the slightly different Counahan-Barrett formula [25, 26] . Although different creatinine-based GFR formulas are used in children and adults, one should note that these formulas are validated against patient groups with moderate to severe kidney failure [chronic kidney disease (CKD)] (CKD 3-4), and not against patients with normal function or early GFR decline. It is interesting that overestimation of GFR is a frequent pitfall in both adult and pediatric Fabry patients, and the consequence is a potential failure of timely recognition of early decline in GFR. Although West et al. showed hyperfiltration (GFR > 135 ml/min/1.73 m 2 ) in a small subset of adult Fabry patients using three different "true" measured GFR (mGFR) methods [27] , reliance on eGFR can lead to overestimation of this phenomenon [27] . Therefore, the hyperfiltration results should be used with caution in Fabry patients until validated with more exact GFR methods [26] .
Cystatin C has been used for a long time in pediatric GFR measurements [28] , but the accuracy of the method and assays, as well as the combination with creatinine methods are still debated, and the method is not widely available [25, 29] . Measured GFR methods have been recommended to overcome inaccuracies in eGFR measurements, and Cr 51 -EDTA, iothalamate and iohexol methods are thought to be equally precise. Iohexol has recently been recommended as a safe and well tolerated method [30] , and repeated measurements have been shown to have less variation than eGFR in Fabry children [26] . We recommend the use of mGFR at the very least, at some initial point as a baseline measurement before initiation of ERT, and every second year in the surveillance program in stable patients or when clinical deterioration is suspected.
Regular kidney function monitoring includes measurements of both albumin and total protein in the urine. The prevalence of albuminuria or proteinuria in children has been reported to be 10 % in a report on Fabry registry data [2] . Generally, proteinuria is the cardinal sign of kidney disease and albuminuria remains the best existing biomarker for most glomerular diseases, especially in the early phases of the disease progression. Fabry disease may be no exception although the relevance of small increases in albuminuria (microalbuminuria) as a biomarker is largely based on validation studies of the earlier stages of renal damage in patients with diabetes and, to a lesser extent, hypertensive renal disease. The specific immunoassay methods for analysis of albuminuria are standardized and precise, and the analytical performance of albumin assays are superior to that of total protein assays, at least at the relevant lower concentrations (microalbuminuria) to detect what may be incipient renal damage [31] . In Fabry disease, one should keep in mind that tubular involvement is common, and subtle increases in urinary albumin loss may either be a result of increased glomerular leakage of albumin due to damage of the filtration barrier or decreased tubular reabsorption of filtered albumin. We routinely measure albumin/creatinine ratios (ACR) and protein/creatinine ratios (PCR) in three consecutive overnight morning urine samples and use the median value as the representative value. This procedure is easily performed by the patients collecting urine samples for the preceding two days stored in a refrigerator and brought together with a fresh sample on the day of consultation. In a surveillance program, these measurements should be undertaken at the baseline evaluation, and then on an at least yearly basis for eGFR and every second year for mGFR in stable patients, and perhaps more frequently for ACR and PCR. Urine concentration defects have also been demonstrated in Fabry patients [32] .
Adjunctive renoprotective therapy
Angiotensin-converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARB) have become standard therapies in proteinuric renal diseases, and benefits of such intervention in terms of renal and cardiovascular protection have been shown in multiple studies, mostly (but not exclusively) in hypertensive patients with already established renal insufficiency [33, 34] . Tahir and coworkers have demonstrated sustained reduction of manifest proteinuria in adult Fabry patients treated with agalsidase beta and ACE1 [35] , and the results of a randomized trial of these agents are soon expected. The current experience with anti-proteinuric therapy in Fabry disease is confined to adult patients. Feriozzi et al., in a study of Fabry Outcome Survey patients, found no significant change in proteinuria after 3 years of ERT with or without ACEI or ARB use [36] . However, the number of patients with proteinuria data available at baseline and follow-up (3 years) in this study was small. The use of ACEI/ARB in Fabry patients with advanced nephropathy may be challenging, since they often have low blood pressure. Currently, based on uncontrolled observations, the recommended overall goal of ACEI/ARB is to lower urinary protein excretion to < 500 mg/day and stabilize the decline of kidney function to about 1 ml/min/1.73 m 2 / year [37] . Urine albumin and protein reduction by these drugs is documented also in diabetic patients [38] and in patients with non-diabetic renal diseases [39] .
The precise diagnosis and follow-up of co-existent renal and cardiac disease is one of the major challenges in Fabry disease, and renal and cardiac progression may occur asynchronously in spite of ERT. Recent Fabry Registry data demonstrate that the primary cause of death in both male and female patients was cardiac disease [40] . In a Dutch study, about 30% of adult patients were found to have concomitant renal and cardiac disease [19] . Ries and coworkers demonstrated that cardiac abnormalities were preceded by proteinuria, and about 50% of 25 male children had increased left ventricular mass index or abnormal electrocardiogram at the age of 15. Furthermore, because the exact time of onset of these cardiac abnormalities usually is unknown, the event-free time may be overestimated [14] .
Renal biopsy in children with Fabry disease
The role of the renal biopsy in the management of children with Fabry disease is currently evolving and, thus, not yet well established. It is, therefore, useful to consider this issue in the broader context of renal biopsy indications in pediatric nephrology. Biopsies are generally performed for diagnosis, prognosis and/or for making treatment decisions [41] . In children with known Fabry disease, diagnostic renal issues are uncommon and generally confined to patients with unusual clinical features, such as early onset of heavy proteinuria or gross hematuria, as discussed elsewhere in this review. Renal biopsies for prognosis may have different relevance to Fabry boys vs. girls. Based on Fabry registry data, approximately 20% of males by age 50 and 50% of males by age 70 will have advanced renal disease [42] . While the risk for females by age 50 was approximately 5%, the median age at ESRD of about 38 years, was similar for males and females [42] . What is clear from the natural history of Fabry renal disease is that much of the progressive renal structural damage in Fabry disease occurs in clinical silence (see section on Biopsy findings and structural functional relationships). Moreover, although overt proteinuria in males is a predictor of relatively poor treatment response to ERT [43] , and a harbinger of progression to ESRD [44] , the predictive value of lesser quantities of urinary protein (e.g., microalbuminuria) in Fabry disease, is unknown. Suffice it to say, a higher fraction of women than expected to progress to ESRD appear to have elevated urinary protein levels [42] , however, elevated urinary protein levels are far less predictive of subsequent GFR loss in females vs. males with Fabry disease [44] . Moreover, although ERT dosage tends to be uniform, the beneficial effects may be quite variable and using functional parameters for dose adjustment may be too little, too late for preventing advanced renal injury [43] . It should also be pointed out that renal biopsies are used for diagnosis and therapy guidance for diseases such as IgA nephropathy and lupus nephritis [45] , where the risk of ESRD is less than for Fabry disease. Finally, the availability of newer biopsy needles and realtime ultrasound guidance have substantially improved the safety of kidney biopsies in children [41, 45] . These points argue for an expanded role for the renal biopsy in Fabry children. In male children, the decision to initiate treatment is generally made on the basis of the good tolerability of ERT therapy, the benefits on symptoms and quality of life, and the high risk of serious end-organ damage later in life [2] , but there are no reports in which renal biopsies have been used to make these decisions. However, baseline biopsies prior to initiation of ERT in Fabry boys could better define the severity of the underlying lesions. Moreover, follow-up biopsies 2-5 years later could help to determine the adequacy of therapy and, perhaps the need for individualization of ERT dosing [23] . Renal biopsy may be particularly helpful in young female Fabry patients, where the risk of serious end organ injury and the severity of symptomatology may be even less well correlated than in males [42] .
For example, in young women with Fabry disease, qualityof-life scores may be largely in the normal range and may not be reflective of underlying tissue injury or the deterioration in quality of life yet to come [42] . Thus, the renal biopsy may be particularly helpful in females where questions as to earlier ERT initiation may be more open. In fact, severity of the disease is much more variable in females with the same mutations, probably at least partly due to random Xinactivation. Renal biopsy, by providing information about the extent of mosaicism (unpublished data), could potentially assist decisions of ERT initiation or dosage in females. Again, a pre-ERT biopsy in young females with Fabry disease could serve as a baseline which, together with follow-up biopsies, could allow assessment of the effectiveness of ERT dosing at a time in Fabry disease natural history where renal function tests are not yet informative. In fact, hypothetically Fabry females at risk of serious renal disease may be even more amenable to treatment, with improvement in reduced eGFR and reduction in proteinuria over 4 years of ERT treatment not seen in ERT studies of primarily male patient populations [46, 47] . To put Fabry renal disease in females in some perspective, the overall risk of serious kidney disease is similar to lupus in females. Thus, although much lower than Fabry males, it remains by any standard, unacceptably high.
Biopsy findings and structural-functional relationships
GL3 accumulation in Fabry disease occurs in lysosomes and other cellular compartments [48] . Excessive lysosomal GL3 manifests as cytoplasmic inclusions in concentric lamellar (myelin figures) or periodic band (zebra bodies) configuration, which are easily recognizable on toluidine blue stained sections or using electron microscopy ( Fig. 1) . In the kidneys of Fabry patients, these GL3 inclusions can be found in virtually all cell types, among which podocytes are most prominently involved, followed by distal tubular and parietal epithelial cells.
Similar to other slowly progressive renal diseases, understanding evolution of advanced lesions in Fabry nephropathy requires studying earlier findings, here, in biopsies from children. However, such studies focusing on pathologic findings of the disease in children are few [17, 18, 49] . Gubler et al. showed abundant GL3 inclusions in all glomerular cells and in vessels in three children 8-12 years old without proteinuria [49] . These authors observed more heterogeneous distribution of inclusions in females, perhaps because of random X-inactivation. Tøndel et al. described biopsy findings in 9 children with Fabry disease (age 7-18 years) [17] . All biopsies showed large numbers of GL3 inclusions in podocytes and distal tubules. Importantly, despite normal GFR values in all patients and slightly elevated urine albumin or protein/creatinine ratios in 2/3 of patients, all biopsies had abnormal findings, including glomerulosclerosis, interstitial fibrosis, arteriopathy, and glomerular hyaline and early segmental sclerosis. On electron microscopy, all biopsies showed segmental widening of foot processes, and podocyte and distal tubular cells showed abundant GL3 inclusions. Mesangial and endothelial GL3 inclusions were present in all cases, but in lower numbers, excepting the two boys who were treated with ERT. Similarly, Fogo et al., in a study primarily including adults with average age of 39 (range 16-70) years showed that even in Fabry patients with stage I CKD and minimal proteinuria, 63% of patients had glomerular sclerotic lesions, and about 13% had sclerosis in >20% of glomeruli [50] . Despite prevalent glomerular lesions, interstitial fibrosis was minimal in CKD I and II patients. In a cohort of 14 Fabry patients younger than age 20 with normal GFR and only two patients with proteinuria above 200 mg/g creatinine, male Fabry patients had increased foot process width compared to control subjects, consistent with podocyte injury [18] . These studies indicate that current clinical modalities for evaluation of early Fabry nephropathy are insensitive, and could potentially delay initiation of ERT [17] .
Current knowledge about the relationships between biopsy pathologic findings and renal function is limited. Recently, we showed that in young Fabry patients GL3 accumulation in podocytes was progressive with age, and correlates with urine protein creatinine ratio (UPCR) and foot process widening (Fig. 3) , a manifestation of podocyte injury [18] ; Mesangial GL3 accumulation correlated with UPCR, but not with age; and there was no relationship between endothelial GL3 inclusions and age or UPCR. These results are in contrast with previous studies that did not show a relationship between glomerular cell GL3 inclusions and renal function or age [17, 49] , most likely because we used quantitative morphometric methods rather than a subjective scoring system. Fogo et al. showed in adults that more advanced, and non-specific chronic lesions, such as arterial and glomerular scleroses were more severe in Fabry patients with advanced CKD [50] . There was no gender difference in histologic findings of these studies except for arterial hyalinosis which was more severe for females who were, on average, older than males. Germain et al. in a study of 58 patients (mean age 31; range 17-62 years) showed that sclerosis in >50% of glomeruli at baseline was associated with a higher rate of GFR decline [23] . It is our view that scoring systems [50] and, even more so, morphometric measuring tools for Fabry patient kidney biopsies [18] , will expand the usefulness of renal biopsies for the assessment of prognoses and treatment responses in Fabry kidney disease.
Mechanisms of tissue injury
Three mechanisms of tissue injury have been proposed for Fabry nephropathy [49, 51] : vascular/ischemic, podocyte and tubulointerstitial injury. Gubler et al. suggested that ischemic lesions are more common in Fabry patients 25 years or older, while these lesions were absent or mild in younger patients. The authors attributed these ischemic lesions to arterial pathologic findings [49] , and suggested that arterial fibrinoid deposits, possibly due to smooth muscle cell necrosis secondary to GL3 overload, is the earliest vascular change of Fabry nephropathy. Of note, although none of the biopsies in Tøndel's study had ischemic changes, 4/9 demonstrated the so-called Fabry arteriopathy lesions (Fig. 2) . Although we did not find a relationship between glomerular endothelial GL3 accumulation and UPCR or GFR, cytoplasmic fenestration was reduced in Fabry patients (Fig. 1) , suggestive of endothelial injury [18] .
As already noted, the presence of foot process widening in young Fabry patients [18] is consistent with podocyte injury (Fig. 1) . This finding can be seen even before clinical proteinuria is manifest, perhaps as a result of tubular reabsorption of excess filtered protein. Progressive podocyte injury can lead to podocyte loss, and segmental glomerulosclerosis, which is a common late finding in Fabry nephropathy [49, 50] . Interstitial fibrosis and tubular atrophy are usually late findings [50] , although as stated above, early interstitial fibrosis was detectable in 1/3 of pediatric cases studied by Tøndel et al. [17] .
Renal biopsy can also be very useful to identify pathologies, other than Fabry nephropathy whenever the clinical picture is atypical for the disease. Concomitant lupus nephritis [52] , granulomatous interstitial nephritis [53] , crescentic glomerulonephritis [54] and IgA nephropathy [55] have been reported with Fabry nephropathy, although the concurrence of IgA nephropathy and Fabry disease appears to be more frequent than random, and the two diseases may be related. It is important to recognize these cases since disease-specific interventions may improve outcomes.
Effect of ERT on renal morphologic damage
ERT treatment for up to 54 months has been demonstrated to stabilize kidney function in patients with proteinuria <1 g/day and GFR >60 ml/min/1.73 m 2 [23] , and ERT, often in combination with ACEI/ARB, seems to slow the decline of GFR in patients with more advanced renal disease [56] . Although ERT has been available for about 11 years, no studies have shown that progressive renal disease can be effectively prevented or improved in the long run. Notably, there is a conspicuous gap in the knowledge of how early ERT should be undertaken in children to prevent progressive organ damage, and whether there exist an early "window of opportunity" that allows a greater possibility for reversibility of structural damage during adequate ERT, nor is it known whether a beneficial outcome is dependent on an ERT dose threshold. No biomarkers have been validated as guidance of adequate ERT. Recently, a Dutch study found that plasma concentration of lyso-GL3 increased in patients where the ERT dose was reduced as a consequence of the current enzyme shortage, however, no major clinical events were observed in the relatively short mean observation period of 1.3 years [57] .
Initial short-term renal biopsy studies demonstrated virtually complete clearance of GL3 deposits from glomerular and interstitial capillary endothelium and mesangial cells, but not from podocytes, vascular smooth muscle cells or distal tubular cells [58] . Germain and coworkers demonstrated partial clearance of podocytes in eight adult patients treated for up to 54 months with agalsidase beta 1.0 mg/kg [23] . However, no larger biopsy studies have been performed that clarify whether complete or partial reversal of podocyte damage during ERT is dose-or time-dependent, or whether early initiation in childhood will improve renal prognosis in the long run [59] . Such a study would be highly informative and would cast light on the potential of various cellular responses to treatment as prognostic markers for the development of differential ERT strategies, including individual doseresponse effects. It is also noteworthy that the initial Federal Drug Administration (FDA) approval of agalsidase beta in the USA was based on clearance of GL3 inclusions from endothelial cells (see http://www.fda.gov/Drugs/Development ApprovalProcess/HowDrugsareDevelopedandApproved/ ApprovalApplications/TherapeuticBiologicApplications/ ucm128159.htm), a criterion which still is accepted by FDA and National Institutes of Health (NIH) as the primary endpoint for demonstrating efficacy for new drug trials in Fabry disease (see http://www.amicustherapeutics.com/clinicaltrials/ at1001.asp). However, absence of relationship between endothelial GL3 accumulation and age or UPCR [18] argues against this parameter being the gold standard of treatment effectiveness in Fabry disease. On the other hand, progressive accumulation of GL3 in podocytes with age and the relationships between podocyte GL3 density, podocyte foot process width (FPW) changes and UPCR in young Fabry patients (Fig. 3) , suggests that podocyte injury may be a potential biomarker for Fabry nephropathy progression. If specific early renal biopsy findings are proved to be strong risk predictors of disease progression, then non-invasive biomakers which mirror such biopsy findings could potentially be used for tracking the course of nephropathy and the renal response to treatment in Fabry patients.
Conclusions
Renal complications of Fabry disease deserve much more attention, especially in younger patients. While challenges of Fabry disease diagnosis in children contribute to late diagnosis, and therefore, late treatment, even in those with established diagnosis, the lack of sensitive non-invasive biomarkers of early Fabry nephropathy, and the lack of Fig. 3 Relationships between urine protein creatinine ratio (UPCR) and age with foot process width (FPW) and podocyte GL3 inclusion density [Vv(Inc/PC)] in young Fabry patients. Both Vv(Inc/PC) and FPW increased with age and correlated with UPCR, although these relationships were more prominent in male patients (black circles) compared to females (white circles) (adapted and modified from Najafian et al., used with permission [18]) widely available evidence-based guidelines for when to initiate ERT, often leads to delayed treatment. Severity of kidney injury is highly variable in Fabry disease, even among those with the exact same mutation. Discovery of early non-invasive biomarkers that can predict disease progression and treatment response would be extremely useful to develop such guidelines. However, in the mean time, cross-sectional and longitudinal renal biopsy and biomarker studies may be required to meet these goals. It will be of particular interest to determine if early renal biopsy findings in young Fabry patients with minimal renal dysfunction would be predictive of serious Fabry renal disease. In that case, non-invasive biomarkers predictive of the underlying early biopsy findings could supplant this more invasive approach.
